Electrochemical reactions at both positive and negative electrodes in a nickel metal hydride (Ni-MH) battery during charge have been investigated by in situ neutron powder diffraction. Commercially available b-Ni(OH) 2 and LaNi 5 -based powders were used in this experiment as positive and negative electrodes, respectively. Exchange of hydrogen by deuterium for the b-Ni(OH) 2 electrode was achieved by ex situ cycling of the cell prior to in situ measurements. Neutron diffraction data collected in situ show that the largest amount of deuterium contained at the positive electrode is de-intercalated from the electrode with no phase transformation involved up to ;100 mA h/g and, in addition, the 110 peak width for the positive electrode increases on charge. The negative electrode of composition MmNi 3.6 Al 0.4 Mn 0.3 Co 0.7 , where Mm 5 Mischmetal, exhibits a phase transformation to an intermediate hydride c phase first and then to the b phase on charge. Unit cell dimensions and phase fractions have been investigated by Rietveld refinement of the crystal structure.
I. INTRODUCTION
Nickel-metal hydride batteries (Ni-MH) appeared on the market toward the end of the 1980s, replacing other nickel-based rechargeable batteries such as the nickelcadmium system. 1 In the Ni-MH battery, the hydrogen at the positive electrode is de-intercalated during charge and absorbed at the metal alloy (M) working as a "hydrogen sponge". The half-cell reactions at the positive and negative electrodes are presented below. The use of metal hydride (MH) material as the anode increased the storage battery capacity and extended the cycle life with respect to Ni-Cd and Ni-Fe batteries. Ni-MH batteries compete directly with Li-ion batteries even though they have lower energy densities. Applications range from portable electronics to hybrid electric vehicles e.g., the Toyota Prius is powered by a 27 kW Ni-MH battery 2
Numerous forms of nickel hydroxide and oxy hydroxide exist.
3, 4 Bode 5 described the reactions taking place at the positive electrode in an alkaline storage battery. The b form of nickel hydroxide, i.e., b-Ni(OH) 2 , has the CdI 2 type structure with a hexagonal close packing arrangement of the oxygen atoms and Ni 21 atoms occupying the octahedral sites. During charge, one proton per formula is extracted from b-Ni(OH) 2 and the b-NiOOH phase is formed. In spite of the low crystallinity of the charged phase, 6 the general understanding of the charge/discharge process is that minor structural changes occur at the electrode i.e., contraction of the ab-plane of the unit cell due to shorter Ni-O distances and elongation in the c direction due to the increased repulsion between NiO 2 slabs. This isostructural phase transition b II ↔ b III , where II and III refer to nickel oxidation states, was first proposed by Bode 5 and has been supported by ex situ measurements. 7, 8 More recently, b-NiOOH obtained by chemical oxidation at room temperature was investigated by diffraction techniques and high-resolution electron microscopy (HREM). 9, 10 The structure was different from the originally proposed one by Bode 5 due to shearing of the NiO 2 layers along the ab-plane and it was refined using a monoclinic unit cell with ABCA stacking of the oxygen atoms along the c axis. The authors anticipated that this form of b-NiOOH would effectively correspond to an intermediate phase between the discharged b-Ni(OH) 2 phase and the c-NiOOH x form, the latter being formed when the electrode is over-oxidized 5 and, therefore, the b II ↔ b III transition involves severe structural changes.
11,12
The c-NiOOH x form represents a whole family of compounds 13 characterized by a) poor crystallinity and b) incorporation of water molecules and alkali protons into the structure. Depending on synthesis conditions, 14 different forms of c-NiOOH x may be prepared which show larger unit cell dimensions compared to b-Ni(OH) 2 and an oxidation state of nickel between 3 and 3.75. The most accepted description of c-NiOOH x is a layered structure in which oxygen atoms are stacked in the ABBCCD sequence. 13, 15 Another form of nickel hydroxide that may play a role during electrode charge/discharge is a-Ni (OH) 2 11,16 which, from the structural point of view, is very similar to the c-NiOOH x form. Diffraction patterns of a-Ni(OH) 2 show reflections at large d-spacings ≳8 Å and its structure has been described as turbostratic, i.e., NiO 2 layers have slipped sideways relative to each other. Depending on the electrode preparation and on battery cycling conditions, the redox reaction at the positive electrode may proceed as a II ↔ c III which has shown good reversibility 17 and, more importantly, takes advantage of a large number of electrons exchanged per nickel atom. In summary, the electrochemistry at the positive electrode is rich in terms of observed phases and it is this which has motivated us to investigate commercial electrodes by in situ neutron diffraction in the present paper.
The negative electrode in a Ni-MH battery is a hydrogen storage alloy (MH). Current research focuses on various metallic structures [18] [19] [20] and new preparation methods i.e., surface treatment, 21 to increase the storage capacity, reduce material production costs, and improve the charge/discharge rate performance of the electrode. For commercial use, LaNi 5 -based alloys with the CaCu 5 -type structure are preferred. LaNi 5 alloys alloys reversibly intercalate/de-intercalate large amounts of hydrogen and the structure allows multiple cation substitutions on both La and Ni sites which, in turn, can optimize the electrochemical properties of the compound. In the CaCu 5 -type structure, [22] [23] [24] [25] there is a stacking of two different planes at z 5 0 and z 5 1/2, with the former containing the 1a and 2c crystallographic sites and the latter the 3g sites; lanthanides occupy the 1a crystallographic site and transition metals both occupy 2c and 3g sites. For the charged phase La x Ni y D ;3 , 26 it was shown that deuterium atoms are mainly located in the 6m position, the largest void in the CaCu 5 -type structure. The use of in situ diffraction techniques to study phase transitions in intermetallic compounds during charge/discharge has been extensively investigated by Latroche and co-workers [27] [28] [29] [30] [31] [32] and others. 33, 34 The reaction mechanism may vary greatly depending on the alloy composition and electrode cycling conditions. For instance, in MmNi 4.3-x Mn 0.3 Al 0.4 Co x (x 5 0.36 and 0.69) 30 where Mm refers to mischmetal, the appearance of an intermediate c phase was observed for the alloy x 5 0.69 in addition to the fully charged b phase. For other intermetallic compounds, a typical solid solution behavior has been observed when the alloy is charged, with no phase transition involved i.e., LaNi 4 Co. 32 Many electrochemical cells have recently been developed to take advantage of neutron radiation to characterize battery materials. [35] [36] [37] In this paper, our specially designed electrochemical cell 26 has been used to investigate the reactions at both electrodes in a Ni-MH battery during charge. To obtain results which may be directly relevant for technological applications, we have used commercially available powders for the experiment. The electrochemistry at the positive electrode is rich in terms of observed phases and still far from being well understood. Due to the higher incoherent scattering section of hydrogen, a detailed structural analysis of hydrogen containing materials is difficult if not impossible. In this paper we show that extended cycling of commercial electrodes containing hydrogen in a deuterated electrolyte, which is continuously exchanged, provides better resolved spectra from which structural information may be extracted. This will improve the understanding of how the present day commercial materials work in real battery electrodes.
II. EXPERIMENTAL
Commercially available positive and negative electrodes were provided by Nilar© and used as received. The AB 5 -type alloy in the form of powder was pressed as a pellet using a uniaxial press and the positive electrode pressed into Ni foam to ensure good electrical contact. Both electrodes then were loaded into the electrochemical cell which has been described previously. 26 The design of the in situ electrochemical cell is based on the coin-cell geometry and is constructed of a number of circular diskshaped components. The cell has larger dimensions compared to typical commercial batteries to maximize the amount of electrode material and thus collect diffraction data of good statistical quality within the shortest possible time. An electrochemical cell that maximizes the volume of electrode material exposed to the neutron beam has also been developed by Latrouche. 27 To reduce incoherent scattering of hydrogen from typical battery components, a polytetrafluoroethylene (PTFE) separator and 6 M KOD electrolyte were used to construct the battery. The amounts of positive and negative electrodes were 1.2 and 2 g, respectively, and the total capacity of the battery was, therefore, ;230 mA h. Prior to the in situ experiment, the cell was cycled galvanostatically at C/12 between 1-1.5 V for 15 cycles to 1) increase the surface reactivity of the negative alloy and 2) exchange hydrogen by deuterium atoms at the positive electrode to obtain Ni(OD) 2 . The capacity retention was ;90% of the theoretical capacity after 15 cycles. The cell was then stopped at the discharged state and dismantled, and the electrodes were carefully washed using heavy water. A new cell was then assembled using a fresh KOD electrolyte for the in situ experiment. In situ neutron diffraction data were collected at the Polaris diffractometer 38 in ISIS. The use of the recently upgraded Polaris is motivated by its high incident flux which, in addition to the cell design, allowed neutron diffraction data of good statistical quality to be collected every 30 min. Diffraction data collected in the detector bank at backscattering angles (135°, 2h , 168°, d max 5 2.7 Å, Dd/d 5 0.30%) were used for Le bail fit and Rietveld analysis using Fullprof 39 and GSAS, 40 respectively. The Bragg peak profile was described using function 3 (Ref. 40) in GSAS (a convolution of a pseudo-Voigt and two back-to-back exponential functions) and only the components of the Gaussian part of the pseudoVoigt function refined. The fitting of individual peaks was conducted within the Fullprof software 39 using the POLARIS 38 instrument file as starting values. The Bragg peak position, its intensity, and the widths of the Gaussian component of the Pseudo-Voigt function in the line shape description were all refined and fits converged. XRD patterns were collected at the Materials Laboratory in ISIS using a Rigaku diffractometer Cu a1 radiation and simulated diffraction patterns were generated using CrystalMaker. 41 
III. RESULTS AND DISCUSSION
X-Ray diffraction (XRD) patterns and scanning electron microscope (SEM) pictures of both positive and negative electrodes are presented in Figs. 1(a) and 1(b) , respectively. The XRD pattern of MmNi 3.6 Al 0.4 Mn 0.3 Co 0.7 where Mm 5 50-55% La, 30-35% Ce, 9-13% Nd and 3-5% Pr shows typical reflections corresponding to the CaCu 5 -type structure in addition to nickel metal. Reflections were indexed using the hexagonal unit cell in space group P6/mmm and refined unit cell dimensions were a 5 5.000(1) Å, c hexagonal close packing of the oxygen atoms. 42 From the line broadening observed in the XRD pattern, Fig. 1(a) , and the size of the b-Ni(OH) 2 particles (,10 lm) good electrochemical performance is expected as observed in Ref. 43 Fig. 2 . The map shows changes as a function of charge at C/18 (;12 mA). The voltage versus capacity profile shows the typical behavior for this type of system and nearly full capacity ;190 mA h/g was achieved before reaching 1.5 V. Neutron diffraction data collected on electrode materials as well as cell components e.g., Ni metal modules, Ni mesh, and Teflon separator were used to identify reflections observed in the neutron diffraction pattern of the cell in the discharged state. Representative patterns of the cell at different charge states and the fit using the above mentioned components as well as other phases that appear in the diffraction patterns as a result of the battery being charged (discussed later) are presented in Fig. 3 . The most intense peaks correspond to Ni metal and are due to the cell construction materials. Ni peaks were fitted using the Le Bail method and not considered further. Good agreement between in situ data and structural models was obtained as shown by the goodness-of-fit v 2 ;5.
A. Charge in situ studies of Ni(OD) 2
To identify reflections corresponding to Ni(OD) 2 in the neutron diffraction patterns, simulated diffraction patterns of Ni(OH) 2 and Ni(OD) 2 using neutron radiation are presented in Fig. 4 . Both patterns show clear differences in intensity e.g., the 001 peak shows intensity when H is present in the structure but not for Ni(OD) 2 . This extinction is due to the positions of the atoms in the crystal structure and the destructive interference originating from Ni, O, and D. The simulated pattern for Ni(OD) 2 shows that the most intense reflections are 101 and 110, which are clearly identified in the neutron diffraction pattern, Fig. 3(a) . Notice that the simulated intensity for the 002 reflection is very low compared to 101. At the same time, data collected using bank 3 (40°, 2h , 67°, d max 5 7 Å, Dd/d 5 0.86%) (not shown) did not show any intensity at d-spacing ;4.6 Å for the 001 reflection. On this basis we can assume that hydrogen has been replaced by deuterium during the ex situ experiment, leading to the chemical formula Ni(OD) 2 for the positive electrode. Since only the 110 and 101 reflections were observed in the neutron diffraction pattern of the electrochemical cell, it was decided to monitor the variation of d-spacing, intensity, and full width half maximum (FWHM) as a function of charge state using peak fitting, not be obtained. All data banks were carefully investigated in the search of "new" reflections corresponding to a non-isostructural charged b-NiOOD phase 9, 12 or to detect 110 and 101 reflections from the isostructural b-NiOOD phase which are expected to be strong in intensity. 7 None of these were observed. It is clear, therefore, that the charged phase has low crystallinity (amorphous) and from this in situ experiment no structural information was obtained for the b-NiOOD phase. It is interesting to study, however, the behavior of the b II -Ni(OD) 2 on charge up to ;100 mA h/g. As expected, contraction of the ab-plane of the hexagonal unit cell occurs as the electrode is oxidized, but this takes place in the form of a solid solution regime. Until now, it has been generally assumed that charging of the b II -Ni(OD) 2 phase proceeds as a biphasic reaction as mentioned in the introduction section and, if a solid solution region exists, this tends to be very narrow. 44 In this experiment we observe that the largest amount of deuterium contained at the positive electrode is de-intercalated from the electrode with no phase transformation involved up to ;100 mA h/g.
To gain more information from the positive electrode on charge, the formula 45 that relates d-spacing with lattice parameter shown below was used to extrapolate the behavior of the c axis and this is presented in Fig. 7 .
The c axis does not show a trend as observed for the 110 reflection on charge up to ;100 mA h/g, and this indicates that the solid solution regime only affects the ab-plane of the hexagonal unit cell. Any structural change that occurs at the electrode for .100 mA h/g must involve variation of the c axis i.e., either being an isostructural or a nonisostructural phase transition.
With reference to the FWHM of reflections 101 and 110 of b II -Ni(OH) as a function of charge, Figs. 6(c) and 6(f), respectively, two different behaviors are observed. The FWHM for the 101 reflection is particularly broad, as seen in Fig. 5(a) , and it does not show a clear trend as the battery is charged, Fig. 6(c) . However, the 110 reflection does show a trend which involves the peak becoming much broader, Fig. 6(f) . The width of the 101 peak has been related to the amount of stacking faults in the hexagonal close packing of the oxygen atoms 42 which, for the data range presented, remains unaffected. This indicates that disorder along the c axis is not increased during battery charge i.e., formation of stacking faults within the structure. The width of the 110 peak has been discussed in Ref. 7 as a lack of structural long range order interpreted as a collapse of the domains that build up the particles i.e., NiO 2 slabs adopt a mosaic-like structure on nickel oxidation.
B. Charge in situ studies of LaNi 5 -type alloy
More diffraction peaks corresponding to the negative electrode were observed in neutron diffraction patterns collected in situ, Fig. 3(a) , which allowed us to refine the crystal structure by the Rietveld method. Structural changes for this electrode were substantial as a function of charge, Figs. 2 and 3. In the discharged state Fig. 3(a) , all peaks corresponding to the intermetallic compound or a phase were fitted using the structural model based on the CaCu 5 -type structure in which the distribution of metallic atoms between the available sites 1a, 2c, and 3g has been previously reported. 23, 26 For each new phase that appeared in the diffraction pattern as a result of the charge process, profile values were refined using function 3 (Ref. 40) in GSAS as described in the experimental section until good agreement was achieved and then fixed.
Initial refinements for the a-phase were not completely satisfactory even though attempts to use other profile functions were tested i.e., anisotropic line broadening. It was decided, therefore, to add some of the consecutive runs and investigate the fits using data of improved statistical quality. Figure 8 shows the merged data and the fits using the a phase (upper) and the fit when an extra phase was added into the refinement (lower). The latter accounts for the shoulder observed in the 111 reflection of the a phase and, in addition, fits all the corresponding intensities observed at higher d-spacings with respect to the a phase in the neutron diffraction patterns. Refined unit cell parameters using the CaCu 5 -type structural model were slightly larger than in the a phase and this phase was referred to as c. 30 On further charge, characteristic reflections of the b phase appeared in the neutron diffraction data. Therefore, three phases take part in the charge reaction process of the MmNi 3.6 Al 0.4 Mn 0.3 Co 0.7 electrode; a, c, and b. The volume variation and phase fractions for the three phases as obtained from the structures refined using the in situ neutron diffraction data are shown in Fig. 9 . During the first 8 h of the charge, the amount of a phase decreases whereas the hydride c phase appears. Both phases show nearly constant unit cell volumes i.e., ;89 Å 3 for a and ;91 Å 3 for c. 8 . In situ neutron diffraction data collected at ;90 mA h/g and fitted using a structural model with one phase or a (above) and two phases; a and c (below). after 8 h of charge and then it decreases down to ;8 wt% at the end of charge. In the meantime, the b phase appears when the c phase wt% is maximum and from that point increases until it reaches nearly 80 wt% of the electrode weight. The refined cell volume for the b phase also remains constant. The above results indicate that the charge process only involves phase transformations and no evidence of solid solution behavior was observed. Similar studies using an intermetallic compound of very close stoichiometry MmNi 3.61 Al 0.39 Mn 0.3 Co 0.69 (Ref. 30) reported first the coexistence of two hydride phases; c and b, and refined wt% for each phase as a function of charge agree well with our results. The presence of the intermediate c phase was discussed in terms of thermodynamic equilibrium comparing results to solid-gas measurements and it was concluded that the c phase was metastable during the charge process which was conducted at faster rates than in our experiment (C/18). Investigation of the charge/discharge reaction taking place at the negative electrode is of paramount importance because it has been shown that the main limitation of the Ni-MH battery life is linked to the degradation of this electrode. 46 After certain cycle life, the negative electrode suffers corrosion which, in turn, is governed by the type of reaction occurring at the electrode during cycling. The typical phase transition a ! b observed in various intermetallic compounds induces strain within the grains leading to the formation of fresh surfaces in contact with the electrolyte and increasing corrosion. The presence of an intermediate phase reduces the decrepitation process as observed in Ref. 30 and a reduction of corrosion level is expected at the electrode.
IV. CONCLUSIONS
In situ neutron diffraction measurements of a Ni-MH battery using commercially available electrodes have shown that important structural changes occur at both electrodes as a function of charge. Ex situ cycling of the cell prior to in situ experiment successfully exchanged hydrogen by deuterium for the b II -Ni(OH) 2 electrode while preserving the good electrochemical properties that characterize commercially available powders. Although only two peaks i.e., 101 and 110 from the b II -Ni(OD) 2 positive electrode material were observed in the neutron diffraction patterns collected in situ, it was still possible to extract significant structural information. During electrode oxidation, there is a solid solution domain which, for the type of electrode investigated i.e., spherical microstructure of diameter ,10 lm and relevant concentration of stacking faults on the structure, is very large (Q # 100 mA h/g). No evidence of a charged ;Ni 31 phase has been observed and this was attributed to its low crystallinity or electrode amorphization during charge. In fact, direct evidence of the increase of disorder in the ab plane in the hexagonal unit cell has been detected based on the variation of the 110 peak width as a function of charge. The c axis of the b II -Ni(OD) 2 phase remains unaffected for Q # 100 mA h/g. Overall, we would like to point out that the better electrochemical performance that commercial powders offer in comparison to crystalline materials may be related to an increase of disorder in the structure as well as the large solid solution regime observed during our experiments using in situ neutron powder diffraction.
The Rietveld method was used to obtain structural information on the negative electrode or a-phase of composition MmNi 3.6 Al 0.4 Mn 0.3 Co 0.7, where Mm 5 50-55% La, 30-35% Ce, 9-13% Nd, and 3-5% Pr during charge. The reaction involves transformations between the a-phase and two hydride phases; c and b. All phases show characteristic reflections corresponding to a CaCu 5 -type structure. The c structure was difficult to study in detail because of a) its low wt% and b) similar unit cell dimensions to the a-phase. The appearance of an intermediate phase between a and b during charge has been discussed.
